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gresses, but it is not the only way. In fact, we have already seen this: Th
search for a new theory of gravity was initiated, not by an experiment
refutation of Newton's theory, but rather by the conflict of Newtonia
gravity with another theory—special relativity. It was only after the di
covery of general relativity as a competing theory of gravity that expel
mental flaws in Newton'’s theory were identified by seeking out tiny b
measurable ways in which the two theories differ. Thus, internal theore
ical inconsistencies can play as pivotal a role in driving progress as do ex
perimental data.

For the last half century, physics has been faced with still anothe
theoretical conflict whose severity is on par with that between special re
ativity and Newtonian gravity. General relativity appears to be fundamen
tally incompatible with another extremely well-tested theory: quantu
mechanics. Regarding the material covered in this chapter, the conflict?
prevents physicists from understanding what really happens to space,?
time, and matter when crushed together fully at the moment of the bi
bang or at the central point of a black hole. But more generally, the con
flict alerts us to a fundamental deficiency in our conception of nature, Th
resolution of this conflict has eluded attempts by some of the greatest the
oretical physicists, giving it a well-deserved reputation as the central prob
lem of modern theoretical physics. Understanding the conflict require

familiarity with some basic features of quantum theory, to which we no
turn.

Chapter 4

Microscopic Weirdness

bit worn out from their trans-solar-system expedition, George and
Gracie return to earth and head over to the H-Bar for some post-
pace-sojourning refreshments. George orders the usual—papaya juice
on the rocks for himself and a vodka tonic for Gracie—and kicks back in
his chair, hands clasped behind his head, to enjoy a freshly lit cigar. Just
as he prepares to inhale, though, he is stunned to find that the cigar has
anished from between his teeth. Thinking that the cigar must somehow
ave slipped from his mouth, George sits forward expecting to find it
burning a hole in his shirt or trousers. But it is not there. The cigar is not
to be found. Gracie, roused by George's frantic movement, glances over
and spots the cigar lying on the counter directly behind George's chair.
“Strange,” George says, “how in the heck could it have fallen over there?
It's as if it went right through my head—but my tongue isn’t burned and
don't seem to have any new holes.” Gracie examines George and reluc-
antly confirms that his tongue and head appear to be perfectly normal. As
he drinks have just arrived, George and Gracie shrug their shoulders and
chalk up the fallen cigar to one of life's little mysteries. But the weirdness
t the H-Rar continues.

George looks into his papaya juice and notices that the ice cubes are
ncessantly rattling around—bouncing off of each other and the sides of
- the glass like overcharged automobiles in a bumper-car arena. And this
" time he is not alone. Gracie holds up her glass, which is about half the size
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of George’s, and both of them see that her ice cubes are bouncing around
even more frantically. They can hardly make out the individual cubes as
they all blur together into an icy mass. But none of this compares to what
happens next. As George and Gracie stare at her rattling drink with wide-
eyed wonderment, they see a single ice cube pass through the side of her
glass and drop down to the bar. They grab the glass and see that it is fully
intact; somehow the ice cube went right through the solid glass without
causing any damage. “Must be post-space-walk hallucinations,” says
George. They each fight off the frenzy of careening ice cubes to down their
drinks in one go, and head home to recover. Little do George and Gracie
realize that in their haste to leave, they mistook a decorative door painted
on a wall of the bar for the real thing. The patrons of the H-Bar, though,
are well accustomed to people passing through walls and hardly take note
of George and Gracie's abrupt departure.

A century ago, while Conrad and Freud were illuminating the heart and
the soul of darkness, the German physicist Max Planck shed the first ray
of light on quantum ‘mechanics, a conceptual framework that proclaims,
among other things, that the
when scaled down to the microscopic realm—need not be attributed to
clouded faculties. Such unfamiliar and bizarre happenings are typical of
how our universe, on extremely small scales, actually behaves.

The Quantum Framework
Quantum mechanics is a conceptual framework for understanding the

microscopic properties of the universe.
general relativity require dramatic changes in our worldview when things

are moving very quickly or when they are very massive, quantum me-
chanics reveals that the universe has equally if not more startling proper-
ties when examined on atomic and subatomic.distance scales. In 1965,
Richard Feynman, one of the greatest practitioners of quantum mechan-

ics, wrote,

There was a time when the newspapers said that only twelve men un-
derstood the theory of relativity. I do not believe there ever was such a
time. There might have been a time when only one man did because
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body significant energy but surely not an infinite amount. To understand
the resolution proposed by Planck it is worth understanding the problem
in a bit more detail. It turns out that when Maxwell's electromagnetic
theory is applied to the radiation in an oven it shows that the waves gen-
erated by the hot walls must have a whole number of peaks and troughs
that fit perfectly between opposite surfaces. Some examples are shown in
Figure 4.1. Physicists use three terms to describe these waves: wave-
length, frequency, and amplitude. The wavelength is the distance between
successive peaks or successive troughs of the waves, as illustrated in Fig-
- ure 4.2. More peaks and troughs mean a shorter wavelength, as they must
-~ all be crammed in between the fixed walls of the oven. The frequency
refers to the number of up-and-down cycles of oscillation that a wave
completes every second. It turns out that the frequency is determined by
. the wavelength and vice versa: longer wavelengths imply lower frequency;
- shorter wavelengths imply higher frequency. To see why, think of what
happens when you produce waves by shaking a long rope that is tied down
at one end. To generate a long wavelength, you leisurely shake your end
up and down. The frequency of the waves matches the number of cycles
per second your arm goes through and is consequently fairly low. But to
generate short wavelengths you shake your end more frantically—more
frequently, so to speak—and this yields a higher-frequency wave. Finally,
physicists use the term amplitude to describe the maximum height or
depth of a wave, as also illustrated in Figure 4.2.
~ In case you find electromagnetic waves a bit abstract, another good

language and our reasoning when attempting to understand and explain
the universe on atomic and subatomic scales.

In the following sections we will develop the basics of this language and
describe a number of the remarkable surprises it entails. If along the way
quantum mechanics seems to you to be altogether bizarre or even ludi-
crous, you should bear in mind two things. First, beyond the fact that it s
a mathematically coherent theory, the only reason we believe in quantum
mechanics is:because it yields predictions that have been verified to as-
tounding accuracy. If someone can tell you volumes of intimate details of
your childhood in excruciating detail, it's hard not to believe their claim of *
being your long-lost sibling, Second, you are not alone in having this re-
action to quantum mechanics. It is a view held to a greater or lesser extent
by some of the most revered physicists of all time. Einstein refused to ac- .
cept quantum mechanics fully. And even Niels Bohr, one of the central pi-
oneers of quantum theory and one of its strongest proponents, once
remarked that if you do not get dizzy sometimes when you think about
quantum mechanics, then you have not really understood it.

Q It's Too Hot in the Kitchen

The road to quantum mechanics began with a puzzling problem. Imagine
that your oven at home is perfectly insulated, that you set it to some tem-
perature, say 400 degrees Fahrenheit, and you give it enough time to heat
up. Even if you had sucked all the air from the oven before turning it on,
by heating its walls you generate waves of radiation in its interior. This is
the same kind of radiation—heat and light in the form of electromagnetic
waves—that is emitted by the surface of the sun, or a glowing-hot iron
poker.

Here's the problem. Electromagnetic waves carry energy—life on earth,
for example, relies crucially on solar energy transmitted from the sun to the
earth by electromagnetic waves. At the beginning of the twentieth century,
physicists calculated the total energy carried by all of the electromagnetic
radiation inside an oven at a chosen temperature, Using well-established
calculational procedures they came up with a ridiculous answer: For any
chosen temperature, the total energy in the oven is infinite.

It was clear to everyone that this was nonsense—a hot oven can em-

Figure 4.1 Maxwell's theory tells us that the radiation waves in an oven have a
whole number of crests and troughs—they fill out complete wave-cycles.
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amplitude

Figure 4.2 The wavelength is the distance between successive peaks or
troughs of a wave. The amplitude is the maximal height or depth of the wave,

analogy to keep in mind are the waves that are produced by plucking a vi-
olin string. Different wave frequencies correspond to différent musical %
notes: the higher the frequency, the higher the note. The amplitude of a
wave on a violin string is determined by how hard you pluck it. A harder 1%
pluck means that you put more energy into the wave disturbance; more en-

ergy therefore corresponds to a larger amplitude. You can hear this, as the

resulting tone is louder. Similarly, less energy corresponds to a smaller

amplitude and a lower volume of sound.

By making use of nineteenth-century thermodynamics, physicists were
able to determine how much energy the hot walls of the oven would pump
into electromagnetic waves of each allowed wavelength—how hard the
walls would, in effect, “pluck” each wave. The result they found is simple
to state: Each of the allowed waves—regardless of its wavelength—carries
the same amount of energy (with the precise amount determined by the
temperature of the oven). In other words, all of the possible wave patterns
within the oven are.on:completely equal footing when it comes to the
amount of energy they embody:

At first this seems like an interesting, albeit innocuous, result. It isn't.
It spells the downfall of what has come to be known as classical physics.
The reason is this: Even' though requiring that all waves have a whole
number of peaks and troughs rules out an enormous variety of conceivable
wave patterns in the oven, there are still an infinite number that are
possible—those with ever more peaks and troughs. Since each wave pat-
tern carries the same amount of energy, an infinite number of them trans-
lates into an infinite amount of energy. At the turn of the century, there
was a gargantuan fly in the theoretical ointment.
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Making Lumps at the Turn of the Century

In 1900 Planck made an inspired guess that allowed a way out of this puz-
zle and would earn him the 1918 Nobel Prize in physics.? To get a feel for
his resolution, imagine that you and a huge crowd of people—"infinite” in
number—are crammed into a large, cold warehouse run by a miserly land-
lord. There is a fancy digital thermostat on the wall that controls the tem-
perature but you are shocked when you discover the charges that the
landlord levies for heat. If the thermostat is set to 50 degrees Fahrenheit
everyone must give the landlord $50. If it is set to 55 degrees everyone
must pay $55, and so on. You realize that since you are sharing the ware-
house with an infinite number of companions, the landlord will earn an in-
finite amount of money if you turn on the heat at all.

But on closer reading of the landlord’s rules of payment you see a loop-
hole. Because the landlord is a very busy man he does not want to give
change, especially not to an infinite number of individual tenants. So he
works on an honor system. Those who can pay exactly what they owe, do
so. Otherwise, they pay only as much as they can without requiring
change. And so, wanting to involve everyone but wanting to avoid the ex-
orbitant charges for heat, you compel your comrades to organize the
wealth of the group in the following manner: One person carries all of the
pennies, one person carries all of the nickels, one carries all of the dimes,
one carries all of the quarters, and so on through dollar bills, five-dollar
bills, ten-dollar bills, twenties, fifties, hundreds, thousands, and ever larger
(and unfamiliar) denominations. You brazenly set the thermostat to 80
degrees and await the landlord's arrival. When he does come, the person
carrying pennies goes to pay first and turns over 8,000. The person carry-
ing nickels then turns over 1,600 of them, the person carrying dimes turns
over 800, the person with quarters turns over 320, the person with dollars
gives the landlord 80, the person with five-dollar bills turns over 16, the
person with ten-dollar bills gives him 8, the person with twenties gives him
4, and the person with fifties hands over one (since 2 fifty-dollar bills
would exceed the necessary payment, thereby requiring change). But
everyone else carries only a denomination—a minimal “lump” of money—
that exceeds the required payment. Therefore they cannot pay the land-
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lord and hence rather than getting the infinite amount of money he ex-

pected, the landlord leaves with the paltry sum of $690.

Planck made use of a very similar strategy to reduce the ridiculous re-

sult of infinite energy in an oven to one that is finite. Here's how. Planck

boldly guessed that the energy carried by an electromagnetic wave in the .

oven, like money, comes in lumps. The energy can be one times some
fundamental “energy denomination,” or two times it, or three times it,
and so forth—but that's it. Just as you can’t have one-third of a penny or
two and a half quarters, Planck declared that when it comes to energy,
no fractions are allowed. Now, our monetary denominations are deter-
mined by the United States Treasury. Seeking a more fundamental expla-
nation, Planck suggested that the energy denomination of a wave—the
minimal lump of energy that it can have—is determined by its frequency.
Specifically, he posited that the minimum energy a wave can have is
proportional to its frequency: larger frequency (shorter wavelength) implies
larger minimum energy; smaller frequency (longer wavelength) implies
smaller minimum energy. Roughly speaking, just as gentle ocean waves
are long and luxurious while harsh ones are short and choppy, long-
wavelength radiation is intrinsically less energetic than short-wavelength
radiation.

Here's the punch line: Planck's calculations showed that this lumpiness
of the allowed energy in each wave cured the previous ridiculous result of
infinite total energy. It's not hard to see why. When an oven is heated to
some chosen temperature, the calculations based on nineteenth-century
thermodynamics predicted the common energy that each and every wave
would supposedly contribute to the total. But like those comrades who
cannot contribute the common amount of money they each owe the land-
lord because the monetary denomination they carry is too large, if the
minimum energy a particular wave can carry exceeds the energy it is sup-
posed to contribute, it can't contribute and instead lies dormant, Since, ac-
cording to Planck, the minimum energy a wave can carry is proportional
to its frequency, as we examine waves in the oven of ever larger frequency
(shorter wavelength), sooner or later the minimum energy they can carry
is bigger than the expected energy contribution. Like the comrades in the
warehouse entrusted with denominations larger than fifty-dollar bills,
these waves with ever-larger frequencies cannot contribute the amount of
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nergy demanded by nineteenth-century physics. And so, just as only a

finite number of comrades are able to contribute to the total heat
_payment—Ileading to a finite amount of total money—only a finite num-

ber of waves are able to contribute to the oven’s total energy—again lead-

“ing to a finite amount of total energy. Be it energy or money, the lumpiness

of the fundamental units—and the ever increasing size of these lumps as
we go to higher frequencies or to larger monetary denominations—
changes an infinite answer to one that is finite.

By eliminating the manifest nonsense of an infinite result, Planck had
taken an important step. But what really made people believe that his

- guess had validity is that the finite answer that his new approach gave for

the energy in an oven agreed spectacularly with experimental measure-
ments. Specifically, Planck found that by adjusting one parameter that
entered into his new calculations, he could predict accurately the mea-
sured energy of an oven for any selected temperature. This one parame-
ter is the proportionality factor between the frequency of a wave and the
minimal lump of energy it can have. Planck found that this proportional-
ity factor—now known as Planck’s constant and denoted K (pronounced
*h-bar”)—is about a billionth of a billionth of a billionth in everyday units.*
The tiny value of Planck’s constant means that the size of the energy
lumps are typically very small. This is why, for example, it seems to us that
we can cause the energy of a wave on a violin string—and hence the vol-
ume of sound it produces—to change continuously. In reality, though, the
energy of the wave passes through discrete steps, 2 la Planck, but the size
of the steps is so small that the discrete jumps from one volume to another
appear to be smooth. According to Planck’s assertion, the size of these
jumps in energy grows as the frequency of the waves gets higher and
higher (while wavelengths get shorter and shorter). This is the crucial in-
gredient that resolves the infinite-energy paradox.

As we shall see, Planck’s quantum hypothesis does far more than allow
us to understand the energy content of an oven. It overturns much about
the world that we hold to be self-evident. The smallness of % confines
most of these radical departures from life-as-usual to the microscopic
realm, but if % happened to be much larger than it is, the strange hap-
penings at the H-Bar would actually be commonplace. As we shall see,
their microscopic counterparts certainly are.
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What Are the Lumps?

Planck had no justification for his pivotal introduction of lumpy energy,.
Beyond the fact that it worked, neither he nor anyone else could give a
compelling reason for why it should be true. As the physicist George
C%amow once said, it was as if nature allowed one to drink a whole pint of
beer or no beer at all, but nothing in between. In 1905, Einstein found
an explanation and for this insight he was awarded the 1921 Nobe! Prize
in physics.

Einstein came up with his explanation by puzzling over something
known as the photoelectric effect. The German physicist Heinrich Hertz
in 1887 was the first to find that when electromagnetic radiation—light—
shines on certain metals, they emit electrons. By itself this is not particu-
larly remarkable. Metals have the property that some of their electrons are
only loosely bound within atoms (which is why they are such good con-
ductors of electricity). When light strikes the metallic surface it relin-
quishes its energy, much as it does when it strikes the surface of your
skin, causing you to feel warmer. This transfered energy can agitate elec-
trons in the metal, and some of the loosely bound ones can be knocked
clear off the surface.

But the strange features of the photoelectric effect become apparent
when one studies more detailed properties of the ejected electrons, At first
sight you would think that as the intensity of the light—its brightness—
is increased, the speed of the ejected electrons will also increase, since the
impinging electromagnetic wave has more energy. But this does not hap-
pen. Rather, the number of ejected electrons increases, but their speed
stays fixed. On the other hand, it has been experimentally observed that
the speed of the ejected electrons does increase if the frequency of the im-
pinging light is increased, and, equivalently, their speed decreases if the
frequency of the light is decreased. (For electromagnetic waves in the vis-
ible part of the spectrum, an increase in frequency corresponds to a
change in color from red to orange to yellow to green to blue to indigo and

finally to violet, Frequencies higher than that of violet are not visible and
correspond to ultraviolet and, subsequently, X rays; frequencies lower than
that of red are also not visible, and correspond to infrared radiation.) In
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fact, as the frequency of the light used is decreased, there comes a point
when the speed of the emitted electrons drops to zero and they stop being
ejected from the surface, regardless of the possibly blinding intensity of the
light source. For some unknown reason, the color of the impinging light
beam-—not its total energy—controls whether or not electrons are ejected,
and if they are, the energy they have.

To understand how Einstein explained these puzzling facts, let’s go
back to the warehouse, which has now heated up to a balmy 80 degrees.
Imagine that the landlord, who hates children, requires everyone under
the age of fifteen to live in the sunken basement of the warehouse, which
the adults can view from a huge wraparound balcony. Moreover, the only
way any of the enormous number of basement-bound children can leave
the warehouse is if they can pay the guard an 85-cent exit fee. (This land-
lord is such an ogre.) The adults, who at your urging have arranged the col-
lective wealth by denomination as described above, can give money to
the children only by throwing it down to them from the balcony. Let's see
what happens.

The person carrying pennies begins by tossing a few down, but this is
far too meagre a sum for any of the children to be able to afford the de-
parture fee. And because there is an essentially “infinite” sea of children
all ferociously fighting in a turbulent tumult for the falling money, even if
the penny-entrusted adult throws enormous numbers down, nc individual
child will come anywhere near collecting the 85 he or she needs to pay the
guard. The same is true for the adults carrying nickels, dimes, and quar-
ters. Although each tosses down a staggeringly large total amount of
money, any single child is lucky if he or she gets even one coin (most get
nothing at all) and certainly no child collects the 85 cents necessary to
leave. But then, when the adult carrying dollars starts throwing them
down-—even comparatively tiny sums, dollar by single dollar—those lucky
children who catch a single bill are able to leave immediately. Notice,
though, that even as this adult loosens up and throws down barrels of dol-
lar bills, the number of children who are able to leave increases enor-
mously, but each has exactly 15 cents left after paying the guard. This is
true regardless of the total number of dollars tossed.

Here is what all this has to do with the photoelectric effect. Based on
the experimental data reviewed above, Einstein suggested incorporating
Planck’s lumpy picture of wave energy into a new description of light. A
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light beam, according to Einstein, should actually be thought of as a stream
of tiny packets—tiny particles of light—which were ultimately christened

photons by the chemist Gilbert Lewis (an idea we made use of in our ex
ample of the light clock of Chapter 2). To get a sense of scale, accordin

to this particle view of light, a typical one-hundred-watt bulb emits about .
a hundred billion billion (10%°) photons per second. Einstein used this new
conception to suggest a microscopic mechanism underlying the photo-

electric effect: An electron is knocked off a metallic surface, he proposed
if it gets hit by a sufficiently energetic photon. And what determines the

energy of an individual photon? To explain the experimental data, Einstein
followed Planck’s lead and proposed that the energy of each photon is
proportional to the frequency of the light wave (with the proportionality

factor being Planck’s constant),
Now, like the children's minimum departure fee, the electrons in a

metal must be jostled by a photon posessing a certain minimum energy in
order to be kicked off the surface. (As with the children fighting for money;

it is extremely unlikely that any one electron gets hit by more than one

photon—most don't get hit at all.) But if the impinging light beam's fre-
quency is too low, its individual photons will lack the punch necessary to -

eject electrons. Just as no children can afford to leave regardless of the
huge total number of coins the adults shower upon them, no electrons are
jostled free regardless of the huge total energy embodied in the impinging
light beam, if its frequency (and thus the energy of its individual pho-
tons) is too low.

But just as children are able to leave the warehouse as soon as the
monetary denomination showered upon them gets large enough, electrons
will be knocked off the surface as soon as the frequency of the light shone
on them—its energy denomination—gets high enough. Moreover, just as
the dollar-entrusted adult increases the total money thrown down by in-
creasing the number of individual bills tossed, the total intensity of a light
beam of a chosen frequency is increased by increasing the number of
photons it contains. And just as more dollars result in more children being
able to leave, more photons result in more electrons being hit and knocked
clear off the surface. But notice that the leftover energy that each of these
electrons has after ripping free of the surface depends solely on the energy
of the photon that hits it—and this is determined by the frequency of the
light beam, not its total intensity. Just as children leave the basement with
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5 cents no matter how many dollar bills are thrown dowp, each electron
eaves the surface with the same energy—and hence the same speed—
egardless of the total intensity of the impinging hghﬁt More total money
imply means more children can leave; more total energy in the light beam
imply means more electrons are knocked free. If ‘we want children to
eave the basement with more money, we must increase the monetary de-
omination tossed down; if we want electrons to leave the surface with

greater speed, we must increase the frequency of the impinging light

yeam—that is, we must increase the energy denomination of the photons

we shine on the metallic surface.

This is precisely in accord with the experimental data. The frequency
f the light {its color) determines the speed of the ejected electrons; the
otal intensity of the light determines the number of ejected electrons. And
o Einstein showed that Planck's guess of lumpy energy actually reflects
fundamental feature of electromagnetic waves: They are composed of

E . partic]es—photons—-fhat are little bundles, or quanta, of light. The lumpi-

ness of the energy embodied by such waves is due to their being composed

© of lumps.

Einstein's insight represented great progress. But, as we shall now see,

* the story is not as tidy as it might appear.

[s It a Wave or Is It a Particle?

Everyone knows that water—and hence water waves—are composed of a
huge number of water molecules. So is it really surprising that light waves
are also-composed of a huge number of particles, namely photons? It is.
But the surprise is in the details. You see, more than three hundred years

ago Newton proclaimed that light consisted of a stream of particles, so the .

ks H
idea 1s not exactly new. However, some of Newton’s colleagues, most no-

- tably the Dutch physicist Christian Huygens, disagreed with him and ar-

gued that light is a wave. The debate raged but ultimately experiments
carried out by the English physicist Thomas Young in the early 1800s
showed that Newton was wrong.

A version of Young’s experimental setup—known as the double-slit
experiment—is schematically illustrated in Figure 4.3, Feynman was fond
of saying that all of quantum mechanics can be gleaned from carefully
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. Figure 4.5 As in Figure 4.4, except now only the left slit is open.

you think of Newton's corpuscles of light as if they were little pellets you
fire at the wall, the ones that get through will be concentrated in the two
areas that line up with the two slits. The wave picture of light, on the con-
trary, leads to a very different prediction for what happens when both slits
are open. Let’s see this.
Imagine for a moment that rather than dealing with light waves we use
water waves. The result we will find is the same, but water is easier to
think about. When water waves strike the barrier, outgoing circular water
waves emerge from each slit, much like those created by throwing a peb-
ble into a pond, as illustrated in Figure 4.7. (It is simple to try this using
a cardboard barrier with two slits in a pan of water.) As the waves emerg-
ing from each slit overlap with each other, something quite interesting hap-
pens. If two wave peaks overlap, the height of the water wave at that point
increases: It's the sum of the heights of the two individual peaks. If two
wave troughs overlap, the depth of the water depression at that point i.s
similarly increased. And finally, if a wave peak emerging from one slit
overlaps with a wave trough emerging from the other, they cancel each

e 4.6 Newton's particle view of light predicts that when both slits are

Figur
+ r of the images in Figures 4.4

open, the photographic plate will be a merge
and 4.5.
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Figure 4.8 If light is a wave, then when both slits are open there will be
interference between the portions of the wave emerging from each slit.

tinguish between the particle and the wave pictures of light. Young carried

g2 out a version of this experiment and his results matched Figure 4.8,
* thereby confirming the wave picture. Newton’s corpuscular view was de-

feated (although it took quite some time before physicists accepted this).

-~ The prevailing wave view of light was subsequently put on a mathemati-

cally firm foundation by Maxwell.
But Einstein, the man who brought down Newton's revered theory of

gravity, seems now to have resurrected Newton's particle model of light by

. his introduction of photons. Of course, we still face the same question:

How can a particle perspective account for the interference pattern shown
in Figure 4.8? At first blush you might make the following suggestion.

- Water is composed of H,0O molecules—the “particles” of water. Never-

theless, when a lot of these molecules stream along with one another they
can produce water waves, with the attendant interference properties il-
lustrated in Figure 4.7. And so, it might seem reasonable to guess that
wave properties, such as interference patterns, can arise from a particle
picture of light provided a huge number of photons, the particles of light,
are involved.

In reality, though, the microscopic world is far more subtle. Even if the
intensity of the light source in Figure 4.8 is turned down and down, finally
to the point where individual photons are being fired one by one at the
barrier—say at the rate of one every ten seconds—the resulting photo-
graphic plate will still look like that in Figure 4.8: So long as we wait long
enough for a huge number of these separate bundles of light to make it
through the slits and to each be recorded by a single dot where they hit the
photographic plate, these dots will build up to form the image of an in-
terference pattern, the image in Figure 4.8. This is astounding. How can
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would therefore ect to find eft s lt;grt u right slit and we effect shows that light has particle Properties. The double-slit experiment
eXpect to find the Pattern shown in Figure 4.6, By weishows that light manifests the interference Properties of waves. Together

don't.

they show that light has both wave-like ang particle-like properties. The mi-

Ph°t°81'aphic"P]3te» but this tn:me you open both sjts. Naturally enough, | of the microscopic world.

Matter Particles Are Also Waves

onl .
expi ;:et:::iglaces on t::‘f Photographic Plate that were dar; in the first [ In the first few decades of the twentieth century, many of the greatest the-
are now bright, as €xpected, ‘there are g, Places on the | oretical physicists grappled tirelessly to develop a mathematically sound

photographic Plate that were bright in your first experiment but are now | and

physically sensible understanding of these hitherto hidden micro-

dar in Figure ; - o,
k asin F lgurg 4.8. By #ncreasing the number of individua] photons scopic features of reality. Under the leadership of Niels Bohr in Copen-

is wh - : .
is why the band is now dark). But how in the world cap 5 tinybundle of | with the clear, logical framework of Newton’s laws of motion or Maxwell's

light:that pasge, ' i a ther ¢
h tth, SB: : pas?’es? thrpqg;h one slit be at' all affected by whether or not the electromagnetic theory, the partially developed quantum theory was in a
g thls open? As l;eynman noted, it’s as Strange as if you fire machine | chaotic state.
€ screen, i i :
fun. buuets:szen?e :n whgn })oth slits are open, independent, separately In 1923, the young French nobleman Prince Louis de Broglie added a
heRow cancel one another out, leaving 5 Pattern of un- | new element to the quantum fray, one that would shortly help to usher in

scathed positions op, the target. i i
~Positions that are hjt wh i
i the bepep o o en only one slit | the

mathematical framework of modern quantum mechanics and that

earned him the 1929 Nobel Prize in physics. Inspired by a chain of rea-

Such 2 g . . n. .
ferent &ongzzz?::fg°w t}}:at Einstein’s Particles of lzght are quite dif. | soning rooted in Einstein's special relativity, de Broglie suggested that the
embody wave.like fea.tuom? folv.v photogs— although they are particles— wave-particle duality applied not only to light but to matter as well. He rea-
#ires ‘of light as well, The fact that the energy of | soned, roughly speaking, that Einstein’s E = mc? relates mass to energy,
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Iectrons,-.'simﬂar ex-

Microscopic Weirdness

 solid and sturdy, and in no way wave-like? Well, de Broglie set down a for-
' nula for the wavelength of matter waves, and it shows that the wave-
. length is proportional to Planck’s constant %. (More precisely, the
| wavelength is given by 7 divided by the material body’s momentum.) Since
"k i is so small, the resulting wavelengths are similarly minuscule compared
. with everyday scales. This is why the wave-like character of matter be-
. comes directly apparent only upon careful microscopic investigation. Just
, as the large value of ¢, the speed of light, obscures much of the true na-
 ture of space and time, the smallness of & obscures the wave-like aspects

~ of matter in the day-to-day world.

Waves of What?

The interference phenomencn found by Davisson and Germer made the
wave-like nature of electrons tangibly evident. But waves of what? One
early suggestion made by Austrian physicist Erwin Schridinger was that
the waves were “smeared-out” electrons. This captured some of the “feel-
ing” of an electron wave, but it was too rough. When you smear some-
thing out, part of it is here and part of it is there. However, one never
encounters half of an clectron or a third of an electron or any other frac-
tion, for that matter. This makes it hard to grasp what a smeared electron

: actually is. As an alternative, in 1926 German physicist Max Born sharply

refined Schridinger's interpretation of an electron wave, and it is his

interpretation—amplified by Bohr and his colleagues—that is still with us
today. Born's suggestion is one of the strangest features of quantum the-
ory, but is supported nonetheless by an enormous amount of experimen-
tal data. He asserted that an electron wave must be interpreted from the
standpoint of probability. Places where the magnitude (a bit more cor-
rectly, the square of magnitude) of the wave is large are places where the
electron is more likely to be found; places where the magnitude is small
are places where the electron is less likely to be found. An example is il-
lustrated in Figure 4.9.

This is truly a peculiar idea. What business does probability have in the
formulation of fundamental physics? We are accustomed to probability
showing up in horse races, in coin tosses, and at the roulette table, but in
those cases it merely reflects our incomplete knowledge. If we knew pre-
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most likely position
of electron

ow a number of locations where the electron might be found with a non-
egligible probability. In practice this means that if a particular experiment
nvolving an electron is repeated over and over again in an absolutely iden-
: tical manner, the same answer for, say, the measured position of an elec-
ron will ot be found over and over again. Rather, the subsequent repeats
f the experiment will yield a variety of different results with the property
hat the number of times the electron is found at any given location is gov-
red by the shape of the electron’s probability wave. If the probability
ave (more precisely, the square of the probability wave) is twice as large
t location A than at location B, then the theory predicts that in a se-
uence of many repeats of the experiment the electron will be found at lo-
ation A twice as often as at location B. Exact outcomes of experiments
annot be predicted; the best we can do is predict the probability that any
iven outcome may occur,

© Even so, as long as we can determine mathematically the precise form
. of probability waves, their probabilistic predictions can be tested by re-
peating a given experiment numerous times, thereby experimentally mea-
uring the likelihood of getting one particular result or another. Just a few
months after de Broglie’s suggestion, Schriodinger took the decisive step
toward this end by determining an equation that governs the shape and the
evolution of probability waves, or as they came to be known, wave func-
tions. It was not long before Schrodinger’s equation and the probabilistic
interpretation were being used to make wonderfully accurate predictions.
By 1927, therefore, classical innocence had been lost. Gone were the
- days of a clockwork universe whose individual constituents were set in mo-
'\ tion at some moment in the past and obediently fulfilled their inescapable,
uniquely determined destiny. According to quantum mechanics, the uni-
verse evolves according to a rigorous and precise mathematical formalism,
. but this framework determines only the probability that any particular fu-
ture will happen—not which future actually ensues.

Many find this conclusion troubling or even downright unacceptable.
Einstein was one. In one of physics' most time-honored utterances, Ein-
' stein admonished the quantum stalwarts that “God does not play dice
~ with the Universe.” He felt that probability was turning up in fundamen-
' tal physics because of a subtle version of the reason it tumns up at the
' roulette wheel: some basic incompleteness in our understanding, The
universe, in Einstein’s view, had no room for a future whose precise form

third most
likely position

second most Iikéiy
position

Figure 4.9 Th clated i
B toeb :'?:s :dssc:sdated with an electron is largest where the electfiz.m
ik ; Progressively smaller at locations where it is Jess

wheel, the exact specification it drops to the
and so on, and if we made u

contrary, inj
ary, injects the concept of probability into the universe ata

ot mean that the electron it.

self has s i € i
hattered into Separate pieces. Rather, it means that there are
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involves an element of chance. Ph
evolves, not merely the likelihoo
occur. But experiment after expe
ones being carried out after his de
was wrong. As the British theoreti
on this point “Einstein was confu

as passing through either the left slit or the right slit and therefore we ex-
ipect the union of Figures 4.4 and 4.5, as in Figure 4.6, to represent the
ulting data accurately. An electron that passes through the right slit
ould not care that there also happens to be a left slit, and vice versa. But
omehow it does. The interference pattern generated requires an over-
apping and an intermingling between something sensitive to both slits,
en if we fire electrons one by one. Schrodinger, de Broglie, and Born ex-
iplained this phenomenon by associating a probability wave to each elec-
tron. Like the water waves in Figure 4.7, the electron’s probability wave
es” both slits and is subject to the same kind of interference from in-
termingling, Places where the probability wave is augmented by the in-
termingling, like the places of significant jostling in Figure 4.7, are
ocations where the electron is likely to be found; places where the prob-
ability wave is diminished by the intermingling, like the places of minimal
or no jostling in Figure 4.7, are locations where the electron is unlikely or
never to be found. Electrons hit the phosphorescent screen one by one,
distributed according to this probability profile, and thereby build up an
interference pattern like that in Figure 4.8.
Feynman took a different tack. He challenged the basic classical as-
sumption that each electron either goes through the left slit or the right
slit. You might think this to be such a basic property of how things work
boldness of asking de ep questions may requt , ' that challenging it is fatuous. After all, can't you look. in the region b(?tweefl
weare to accept the answers ¥ Tequire unforeseen flexibility: e slits and the phosphorescent screen to determine through which slit
N ch electron passes? You can. But now you have changed the experiment.
To sce the electron you must do something to it—for instance, you can
hine light on it, that is, bounce photons off it. Now, on everyday scales
hotons act as negligible little probes that bounce off trees, paintings,
and people with essentially no effect on the state of motion of these com-

ysics should predict how the univers
d that any particular evolution mj
riment—some of the most convi
ath—convincingly confirm that Einst
cal physicist Stephen Hawking has saig
sed, not the quantum theory.”s .

uantu

gn Wha:t'nittl'lecv]rly to make accurate predictions. But there is no consenst
really means to have probability 5

; It rea waves, nor on how a
chooses” which of its m i : -
any possible futures to foll ;
. _ : ollow, nor even:
v r:if;e]r' it 1'f:§1!lyI IC]OES choose or instead splits off like a branching trib

e out all possible futures in an i

) ever-expanding arena of paral
- ' : : ara
szrse‘s. Th'ese Interpretational issues are worthy of a book-len pth d
cussion in their own right, and, in fact, there ;

5 i
itpfe;:rs f:el;tamhxs that no matter how you interpret quantum mechanijcs:
ndeniably shows that the universe j :
e is founded on principle
: s that, fro
the Ts:}t]andpomt of our day-to-day experiences, are bizarre d T
e meta-lesson of both relativity and quantum mechanics is ‘th'.

Feynman's Perspective

Richard F :
stein. Heeffll;zr;:;ft:: et;::f; t?:oir:lfji?:- theoretical physicists since'E paratively large material bodies. But electrons are little wisps of matter. Re-
but in the years following World War IISh!C C;f’re of quantum mechanics gardless of how gingerly you carry out your determination of the slit
thinking about the theory. From the st ; o ere(fi : p0wetrfu1 new'way through which it passed, photons that bounce off the electron necessar-
Feynman's perspective agrees exact] w?t?] pi(Im}}]t of numerical predictio Hly affect its subsequent motion. And this change in motion changes the
mulation is quite different, Ler’s 4 Y s a .t at went before. But its for: 'results of our experiment. If you disturb the experiment just enough to de-

S describe it in the context of the electron “termine the slit through which each electron passes, experiments show

two-slit experiment.

' i ; . “that the results change from that of Figure 4.8 and become like that of Fig-
The troubling thing about Figure 4.8 is that we Shividrcendalueh ;

. ure 4.6! The quantum world ensures that once it has been established that
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_~each electron has gone through either the left slit or the right slit, the in
terfex:;rice between the two slits disappears, '
And so Feynman was justified in leveling his challenge since—although
our experience in the world seems to require that each electron pas
through one or the other of the slits—Dby the late 19205 physicists realize
that any attempt to verify this seemingly basic quality of reality ruins th
experiment. : vy il
‘Feynman proclaimed that each electron that makes it through to thi
phosphorescent screen actually goes through both slits. It sounds crazy, bu
hang.on: Things get even more wild. Feynman argued that in travelin
from the source to a given point on the phosphorescent screen each indj
vidual electron actually traverses every possible trajectory si'multaneously;'j
few of the trajectories are illustrated in Figure 4.10. It goes in a nice or.
derly way through the left slit. It simultaneously also goes in a nice orderly,
way through the right slit. It heads toward the left slit, but suddenly
changes course and heads through the right. It meanders back and forth
finally passing through the left slit. It goes on a long journey to the An-
dromeda galaxy before turning back and passing through the left slit on its
way to the screen. And on and on it goes—the electron, according to Feyn-
man, simultaneously “sniffs” out every possible path connecting its start-
ing location with its final destination. o

Feynman showed that he could assign a number to each of these paths
nsuch a way that their combined average yields exactly the same result
or the probability calculated using the wave-function approach. And so
from Feynman'’s perspective no probability wave needs to be associated
with the electron. Instead, we have to imagine something equally if not
more bizarre. The probability that the electron—always viewed as a par-
icle through and through—arrives at any chosen point on the screen is
ouilt up from the combined effect of every possible way of getting there.
is is known as Feynman'’s “sum-over-paths” approach to quantum me-
hanics.”

At this point your classical upbringing is balking: How can one elec-
ron simultaneously take different paths—and no less than an infinite
umber of them? This seems like a defensible objection, but quantum
mechanics—the physics of our world—regquires that you hold such pedes-
rian complaints in abeyance. The result of calculations using Feynman's
pproach agree with those of the wave function method, which agree with
xperiments. You must ailow nature to dictate what is and what is not
ensible. As Feynman once wrote, “[Quantum mechanics] describes na-
ure as absurd from the point of view of common sense. And it fully agrees
ith experiment. So I hope you can accept nature as She is—absurd."®

But no matter how absurd nature is when examined on microscopic
iscales, things must conspire so that we recover the familiar prosaic hap-
enings of the world experienced on everyday scales. To this end, Feyn-
an showed that if you examine the motion of large objects—like
aseballs, airplanes, or planets, all large in comparison with subatomic
articles—his rule for assigning numbers to each path ensures that all
aths but one cancel each other out when their contributions are com-
ined. In effect, only one of the infinity of paths matters as far as the mo-
on of the object is concerned. And this trajectory is precisely the one
merging from Newton's laws of motion. This is why in the everyday world
seems to us that objects—like a ball tossed in the air—follow a single,

nique, and predictable trajectory from their origin to their destination.
But for microscopic objects, Feynman's rule for assigning numbers to
aths shows that many different paths can and often do contribute to an
bject’s motion. In the double-slit experiment, for example, some of these
aths pass through different slits, giving rise to the interference pattern
observed. In the microscopic realm we therefore cannot assert that an

Figure 4.10 According to Feynman's formulation of quantum mechanics,
particles must be viewed as travelling from one location to another along every
possible’path: Here, a few of the infinity of trajectories for a single electron
travelling from the source to the phosphorescent screen are shown. Notice tha
this one electron actually goes through both slits,
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) :;:ncc::i %ﬁ; :};{sozi ;:]t!i’v‘;n;) ;g:?rche OgheruThe interfererfc,el jiensity of the light source we now know that we are decreasing the num-
Phatically attest to isicaiiys ation of quantum mechamcs;:' b1 /{:of photons it emits, Once we get down to emitting individual photons
Jy; Aesium iy firndhag Vary.m interpret : P e cannot dim the light any further without actually t:xrm'ng it oﬂ:'. There
Bt helpfulin aiding ofr uncll'l;ret atléms ofa book or a fj] a fundamental quantu.m-mechanical limit to the “gentleness” of our
the work, the Same is true of the diffe ri anding of different aspect be. And bence, there is always a minimal disruption that we cause to
o Although thels pradfofione al:’:n approaches to quantum mg} electrons: velocity through our m’easurement of its position.
imetion s Feymman Sum-oays agr;e completely, the iw, Well, that's almost correct. Planck’s law tells us that the energy of a sin-
ferent-ways of thinking ahotsage Ver-}j:t § approach give ys! e photon is prop.()mc?na] to its frequency (inversely proportional to its
some applications, on or s 1t going on. As we S:ha“ see later on;ifoivavelength). By using light of lower and lower frequency (larger and larger
* © other approach can provide an invaluable avelength) we can therefore produce ever gentler individual photons.

ut here’s the catch. When we bounce a wave off of an object, the infor-
mation we receive is only enough to determine the object’s position to
within a margin of error equal to the wave's wavelength. To get an intuitive
feel for this important fact, imagine trying to pinpoint the location of a
i :large, slightly submerged rock by the way it affects passing ocean waves.
s As the waves approach the rock, they form a nice orderly train of one up-
and-down wave cycle followed by another. After passing by the rock, the
/®individual wave cycles are distorted—the telltale sign of the submerged
$erock’s presence. But like the finest set of tick marks on a ruler, the indi-
QFEHM‘mechahics viscerally—to thinl Bk i, servon borr 3 vidual up-and-down wave cycles are the finest units making up the wave-
raised in the microscopic realm. There is,
;;Yéd:;;:?unh?;:t;;l;;d;;;?: :eiri;t(:;r int It i e tearal : that is, the wave’s wavelength: In- t.he case of
Itis the'uﬁcertaintypﬂnciple discovere?:]u; b Hgat tlight, the_constltuent photons are, roughly sEeakjng, tht.?, individual wave
Heisenberginnlgzz- i ) Yt é erman physicist Wer with the height of the wave cycles being deternlnnec'i by the r-mn}—
~Thisrprinciple‘g1-ows out of an objection thar : ' er o.f photons); a p}.loton, thfer_efore, can be used to pinpoint an object’s

earlier! We noted i e deti: : n : a}i mé;)'f ave Dcc.urrejd to you ‘§¢location only to within a precision of one wave]erlngth. '
el passes (its.position) necessal:;m:ﬂr'lgt ;: S.It through which e:ilch And so we are faced with a quantum-mechanical balancing act. If we
(its velodity) Bitudc i Yy IStt]Il‘ S its sub§equ?nt- motio " se high~frequer?cy (short \?wave]ength) light we can locate an ele-:ctron
eithiei b it "ei-h s ff ?Urff}!’ ves of Isomeones presence i with greater prec1sif)n. But }1lgh-freqL1c?ncy ph'otons are very energetic and
the;Bachk? hy ,th : detéﬁrﬁhe d]eye?m;g t, em an Ovef'zeaiogs slap on erefore sharply disturb the_eflec_tron s v_e]ocny. If we use low—f'reque.ncy
ﬂ9P7*ﬁﬂltsoﬁrcein'orde; . Ef; on’s P-DSIE'IOD with ar‘zfrever gen: g (long wavelengfh) light we minimize the impact on the electron’s motion,
From »tlhé'-fsténdpointroffnir;e'teent -c e!‘t ecre}z:sn?g Impact on jts ijn'otmn? isince the constituent phoror.m have comparzfuve]y. l-ow enexjgy, but we sac-
evefff Hier lamp (and éﬁ?é“’"é:l‘-mrre e uryp I?fs:cs Wwe can: By using apy rifice precision in' fieterminmg the electron s posmon‘. Hel'senberg quan-
a vanishis o :S'maﬂ"-imﬁéc-t - thz el:i’::‘“""e ight detector) we can hlave. ; n’ﬁ‘eq t.his competition and found a marhemancal|relat:‘oT15h1p between th'e
it e ‘Iﬁﬂlumina'tés-a-fﬂaw.jﬂ &lis ¢ on s' motion, But‘quan!tum me 4 precision W]t}.] which one measu.res the e.fectron s pos:tlo.n 31:1d the. preci-
A easoning. As we turn down the jn. - i sion with which one measures its velocity. He found—in line with our
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ssion—that each is inversely proportional to the:other: Greater

fon in a positi
Position measurement necessarily entails greater imprecision:ig

EIOClty IIlE&SUIeIﬂEHt alld Vice versa. lh]d Oi utl]lD t ]lIlpOl tﬂ"ce
k ] S ] »

)ugh we ]lave tled our dlscuss!on to one par tl u ‘
p C lal means fOI det

I]»:(leiitc;h-lfll:e_jmogon of,a—p?rtic]e.‘is-described by giving its location andjl
- A kioa;ltum mech@lcs shows thatat a microscopic level you ca_n_.
bly ‘both of these features with total precision. Moreover, the mio
ecisely you know one, the Jess precisely you know the othe’r AnI{Til

1ough we have described this for electrons, the ideas direct] : ]
anstituents of nature, , i
mf;n;::xtnatl?}?:u:)h n:::::z; this depfmure from classical physics by.ar.

; reasoning certainly do i
ne’s knfjuledge of the _position and velocity, the eﬁect::nizsf:;stz g:]ﬁ
:1te position and velocity exactly as we have always thought. But durir
1e last cc:.rup]e of decades theoretical progress spearheaded. by th L”I'"‘
l?ISh physicist John Bell and the experimental results of Alain A:: ecet :
s collaborators have shown: convincingly that Einstein wasp wr.Em
'jlecl:rons——andeverything else for that matter—cannot be describe:ing

imultaneously being at such-arid-such location and having such-and-
peedi:’?uarin}m-mechanics-sh_ows that not only could such a stater:L:'
:;::[s oixhii?:::etaﬂy veriﬁet_ir—'-a‘s explained above—but it directly con
: recently established experimental results. it

In fact, i i .
ct, if you were to capture a single electron in a big, solid box and

h 7 f I .
en slowly crush the sides to Pinpoint its position with ever greater pre

cisi i
: i?l;t, you would find the electron getting more and more frantic. Almost
were overcome with claustrophobia, the electron will go increas-

ingly haywire—bouncing off of the walls of the box with increasingly fre-

netic i
and unpredictable speed. Nature does not allow its constituents to

:;;ec;n}eredi;n the H-Bar, where we imagine 7 to be much larger than in
al world, thereby making everyday objects directly subject to quan-

tum effects; the i G ) b Y
» ce cubes in George's and Gracie’s drinks frantically rat-

;lle ;rmfnd ?s they too sui.:fcr'from quantum claustrophobia. Although the
-Bar is a fantasyland—in reality, % is terribly small—precisely this kind
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uantum claustrophobia is a pervasive feature of the microscopic realm.
e motion of microscopic particles becomes increasingly wild when they

‘examined and confined to ever smaller regions of space.
The uncertainty principle also gives rise to a striking effect known as

uantum tunneling. 1f you fire a plastic pellet against a ten-foot-thick con-
rete wall, classical physics confirms what your instincts tell you will hap-
en: The pellet will bounce back at you. The reason is that the pellet
Eimply does not have enough energy to penetrate such a formidable ob-
tacle. But at the level of fundamental particles, quantum mechanics

ws unequivocally that the wave functions—that is, the probability
ves—of the particles making up the pellet all have a tiny piece that spills

ut through the wall. This means that there is a small—but not zero—

ance that the pellet actually can penetrate the wall and emerge on the

ther side. How can this be? The reason comes down, once again, to

Jeisenberg’s uncertainty principle.

To see this, imagine that you are completely destitute and suddenly

earn that a distant relative has passed on in a far-off land, leaving you a
remendous lortune to claim. The only problem is that you don't have the
money to buy a plane ticket to get there. You explain the situation to your
friends: if only they will allow you to surmount the barrier between you
§pd your new fortune by temporarily lending you the money for a ticket,

ou can pay them back handsomely after your return. But no one has the

money to lend. You remember, though, that an old friend of yours works
for an airline and you implore him with the same request. Again, he can-
not afford to lend you the money but he does offer a solution. The ac-
counting system of the airline is such that if you wire the ticket payment
within 24 hours of arrival at your déstination, no one will ever know that
it was not paid for prior to departure. In this way you are able to claim your

inheritance.

The accounting procedures of quantum mechanics are quite similar.

Just as Heisenberg showed that there is a trade-off between the precision

of measurcments of position and velocity, he also showed.that there is a
similar trade-off in the precision of energy measurements and how long one
tekes to do the measurement. Quantum mechanics asserts that you can't

- say that a particle has precisely such-and-such energy at precisely such-

and-such moment in time. Ever increasing precision of energy measure-
ments require ever longer durations to carry them out. Roughly speaking,
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rovid : ;
gcle t:gby:u Paz it back quickly enough, quantum mechanics allows
TTow" energyso long as it can relinquish it within a time £

determined by Heij ) .
y e:senbergs uncertainty principle, Chapter 5

f. The Need for a New Theory:
L General Relativity vs. Quantum
Mechanics

counting wi
clabth fy “::]na:::ially occ?zr. But for microscopic particles facinga co
. SOrrcllem.r_les do borrow enough energy to do what
and tunnel thro:g;tan S of classical physics—momentarily penety
e Ob_ea trseglon that they do not initially have enough e
siting of more oo c_ll cts we Stlfd}’ become increasingly complicated,
S e itnl:ore particle constituents, such quantum tum;el
teles mut be’lucky ecomes very unlikely since all of the individualiy
of George's dise ex.:ougl-_n to tunnel together. But the shocking episode
wall of 2 glass aﬁgz:}ngg cigar, of an ice cube passing right through
the bar, oo l;a o eorge and Gracie's passing right through a wall
tuungice g IiJsp]n. n a fantasyland such as the H-Bar, in whic
b prchabiliy il ar%e, such quantum tunneling is commonplace.
smallness of % hs ' uantum mechanics—and, in particular, the a
in the real world—show that if you walked into ; solid wall

Our understanding of the physical universe has deepened profoundly
during the past century. The theoretical tools of quantum mechan-
s and general relativity allow us to understand and make testable pre-
ctions about physical happenings from the atomic and subatomic realms
all the way through phenomena occurring on the scales of galaxies, clus-
rs of galaxies, and beyond to the structure of the whole universe itself.
is is a monumental achievement. It is truly inspiring that beings con-
ned to one planet orbiting a run-of-the-mill star in the far edges of a
airly ordinary galaxy have been able, through thought and experiment, to
 ascertain and comprehend some of the most mysterious characteristics of
" the physical universe. Nevertheless, physicists by their nature will not be
:satisfied until they feel that the deepest and most fundamental under-
standing of the universe has been unveiled. This is what Stephen Hawk-
' ing has alluded to as a first step toward knowing “the mind of God.”
There is ample evidence that quantum mechanics and general relativ-
ty do not provide this deepest level of understanding, Since their usual do-
mains of applicability are so different, most situations require the use of
quantum mechanics or general relativity, but not both. Under certain ex-
reme conditions, however, where things are very massive and very small—
near the central point of black holes or the whole universe at the moment
of the big bang, to name two examples—we require both general relativ-
ity and quantum mechanics for proper understanding. But like the mixing

bt

o
tem\:::e V:;: t}}:z: 1.: aglood.c:hanc':a of passing through it on one of you
o tl;latlel;]ce (a‘nd longevity), though, you could—sooria;

o .e o.t er side. .
Featt wetz; ::mclllple c.aptures the heart of quantum mechanic
i Bm: y thln'k 'of as being so basic as to be beyond:
¥ Pgde j <! z:reﬁdt.:ﬁmte positions and speeds and that they
P C:;?;s ta:tbe~ nite moments—are now seen as mere art "
Of e fapoar l:Lh e;ng hso tmy. on the scales of the everyday world:
Y e il .ta hw en this quantum realization is applied to-
et ; d; shc.w;s fatal 1lrnperfections in the “stitches of:
A e third and primary conflict physics has faced |
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